Abstract
Introduction
Caveolae 1 [1, 2] , epithelial cells [3] , osteoclasts [4] and neurons [5] . Endothelial transcytosis via caveolae is the most studied and best documented system of transcellular transport [6] . During transcytosis, caveolae shuttle between the two fronts of the cell, undergoing fusion-fission events at each round of transport [7] . [9, 10] . Electron microscopy (EM) immunogold labelling indicated that both, dyn2 and ITSN-1 are concentrated on caveolae and associate preferentially with the neck region of caveolae [10] . [11, 12] . Studies have shown that ITSN-1s plays important roles in endocytosis [10, 13, 14] , MAPK signalling [15] , cell survival and apoptosis [16, 17] . The involvement of ITSN-1s in endocytosis was first revealed when a Xenopus Laevis oocyte cDNA expression library screened with a SH3 class II peptide ligand revealed a protein that binds two endocytic proteins, dyn1 and synaptojanin [11] . Later on, ITSN-1 was implicated in endocytosis based on interactions with other endocytic proteins, including epsins [18] , secretory carrier membrane protein (SCAMP)-1 [12, 19] , mSos [20] and neuronal Wiscott-Aldrich syndrome protein (N-WASP) [21, 22] . Overexpression of full-length ITSN-1s or SH3A-E domains alone specifically inhibits caveolae and clathrin-mediated endocytosis (CME) [10, 11, 23] . [16] .
are vesicular carriers that function in endocytosis and transcytosis in different cell types such as endothelial cells (ECs)

Caveolae are equipped with a full set of fusion and fission proteins organized in supramolecular protein lipid-complexes, containing soluble N-ethylmaleimide sensitive factor attachment proteins (SNAPs) and SNAP receptors (SNAREs), dynamin (dyn)2, regulatory proteins and lipids [8]. The presence of dyn2 in the endothelial fusion-fission complexes is a requirement for a process that couples rapidly and efficiently endocytosis to exocytosis on opposite sides of the plasma membrane (PM). Studies on caveolae internalization have demonstrated that caveolae release from the PM and formation of free transport vesicles is dyn2 and intersectin-1s (ITSN-1s) dependent
ITSN-1s, a widely expressed and highly conserved protein, comprises several protein-iprotein interaction modules, including two NH2-terminus Eps15 homology domains, a central coiled-coil domain and five consecutive Src Homology 3 (SH3A-E) domains
Specific silencing of ITSN-1 gene in ECs caused significant decrease in caveolae number and triggered the mitochondrial cell death, suggesting a complex role of this protein in ECs survival
Furthermore, stable silencing of ITSN expression increased apoptosis in both neuroblastoma and primary cortical neurons, by interfering with PI3K-C2␤-protein kinase B (AKT) survival pathway [17]. Substantial interest has been focused on the interaction of ITSN-1, via the SH3 domains, with the proline-rich domain (PRD) of dyn. Among ITSN's SH3
domains, the SH3A displays the highest affinity for dyn [11] , and is one of the most potent inhibitor of CME [23] . Overexpression of a truncated ITSN-1s lacking the SH3A causes significant inhibition of caveolae trafficking [10] , most likely by non-productive dyn2 recruitment to the caveolae endocytic site. Recently, the role of ITSN-1 as a general endocytic protein has been confirmed by studies of ITSN-1 null mice which display alteration of endocytic and vesicle trafficking events, in both neuronal and non-neuronal cells [24] . [25] . Both, dyn1 and dyn2 are thought to function by GTP-triggered self-assembly into a helical collar around the neck of invaginated pits or caveolae followed by coordinated GTP hydrolysis and release of vesicles from PM [9, 26, 27] [8] .
However, despite an increasing body of evidence suggesting that the SH3 domain containing proteins interfere with endocytosis in the dyn-controlled scission step, at present the molecular mechanisms of this blockage is not well understood. Dyn2, the ubiquitously expressed isoform of the dyn subfamily of GTP-binding proteins comprises a highly conserved NH2-terminal GTPase domain, a plekstrin homology domain, a GTPase effector domain and a COOH-terminal PRD and displays relatively high homology with dyn1
ECs culture
Control and transfected lung human microvascular ECs were grown in medium 199-supplemented with 20% foetal calf serum as previously described [10] . [29] . SH3A-GST interactions with endothelial proteins were detected via anti-GST pAb, followed by the appropriate reporter Ab and ECL detection.
ITSN-1s SH3 glutathione S-transferase (GST)-tagged domains
SH3A-GST overlay
Dyn2 sedimentation assay
Dyn2 assembly in oligomeric structures was performed in 200 l buffer (40- 
Results
Expression of the SH3A of ITSN-1 impairs caveolae internalization
Previous studies indicated that overexpression of full-length ITSN1s or a construct lacking the SH3A domain inhibits caveolae endocytosis [10] , and that the SH3A is a potent inhibitor of endocytosis [23] . [10] . Studies using cholera toxin, a widely accepted marker for caveolae uptake [31, 32] or K ϩ depletion to inhibit CME in cultured ECs subjected to biotin assay [10, 33] Fig. 2A, a1 arrows, a2) or directly ( Fig. 2A , inset a1.1), and as apparently detached spherical structures in the cytosol ( Fig. 2A, a1 arrowheads) with an average diameter of ~70 nm [6] . Frequently, clusters of interconnected caveolae, in which the morphology of individual caveolae is evident, are observed ( Fig. 2A, a3, a4) . By contrast, in ECs transfected with myc-SH3A, we found significant alteration of caveolae morphology suggestive of an impaired membrane fission process (Fig. 2B) . Frequently we observed caveolae with elongated necks (Fig. 2B, b1 , and higher magnification b4-b6), and caveolae with their narrow necks surrounded by staining-dense collars (Fig. 2B, b7-b11 ). Large and uncharacteristic caveolae clusters (Fig. 2B, b1, arrow, b12-b14 [10, 28] , is summarized in (Fig. 2B, b12 ) or aberrant shape (Fig. 2B,  b13, b14) [10] .
Interestingly, similar findings involved clathrin-coated pits and vesicles. Clathrin-coated pits with elongated and constricted necks, Figure 2B, b1 (arrowhead), b2, b3 , or clathrin-coated vesicles connected through narrow constriction, such as in Figure 2B , b3, were often recorded. Figure 2A, (Fig. 3A) . GST-SH3E binds dyn2, but the [36] . [30, 37] [30, 40, 41] . Since GST alone does not affect dyn2 oligomerization [42] and since our pilot studies indicated that GST-SH3A and SH3A have same effects on dyn2 oligomerization we used the GST-SH3 fusion proteins without cleaving off the GST. Negative staining EM shows that purified dyn2 alone (Fig. 3D, d1) (Fig. 3D, (Fig. 3E, e1, e3, e5) or presence of the GST-SH3A (Fig. 3E, e2, e4, e6) (Fig. 3E, e3-e6) [10, 28] 
interaction is less efficient, while GST-SH3D does not bind dyn2. When the GST-SH3A-E or full-length GST-tagged ITSN-1s were used, dyn2 binding is efficient, but not augmented, suggesting that there are no cooperative effects among the SH3 modules in binding dyn2; alternatively, the possibility for improper folding, reported occasionally for other SH3 domains cannot be ruled out
Gel electrophoresis analysis of GST-SH3 fusion proteins (Fig. 3B) by 5-20% SDS-PAGE shows the purity of GST-fusion proteins used in the study. Previous work using a range of GST-SH3 domains has shown that the GST tag does not interfere with binding affinity and characteristics of the SH3 domains towards dyn
. Since the focus of this paper is on SH3A/dyn2 partnership, the GST-SH3A pull down studies were next complemented by a GST-SH3A overlay to address the specificity of the interaction and whether additional molecules are required for ITSN-1s interaction with dyn2, via the SH3A domain. To this intent, EC lysates subjected to SDS-PAGE and electrotransfer to nitrocellulose membrane were overlaid with the GST-SH3A fusion protein. The bound GST-SH3A, detected via GST pAb, revealed several interacting proteins (Fig. 3, lane ϩ SH3A). We have identified by Western blot the identity of several proteins known to bind ITSN-1s via the SH3A domain. The 100 kD protein band bound by the GST-SH3A was immunoreactive to dyn2 Ab (Transduction Laboratories), (Fig. 3C, lane dyn2), while two other bands were identified as mSos (Mr 180 kD), and N-WASP (Mr 55 kD) (data not shown). Altogether, our findings indicate that in lung ECs, similar to neurons, ITSN-1s binds dyn2 via a subset of its SH3 domains. Moreover, since the GST-SH3A pulls down dyn2 from ECs lysates and interacts with a 100 kD protein immunoreactive to dyn2 Ab, we conclude that ITSN-1s directly interacts with dyn2, via the SH3A.
ITSN-SH3A stimulates dyn2 oligomerization
Transfection of cultured ECs with the SH3A caused abnormal caveolae morphology, stabilized caveolae necks and dyn2 collars, facilitating thus their detection by EM. These findings suggested a bona fide role of ITSN-SH3A in regulation dyn2 function at the endocytic site. We sought to test this hypothesis in vitro by analysing whether the multimerization state of dyn2 is affected upon SH3A binding. It has been previously reported that dyn forms sedimentable rings and spirals under low-salt conditions, while under physiological ionic strength dyn forms just very few rings [38]. To assess possible stimulatory effects of SH3A on dyn2 oligomerization, GST-dyn2, affinity purified on glutathionecoupled Sepharose 4B beads from IPTG-induced E. coli lysates, as described in [39] was pre-assembled into multimers, in the absence or in the presence of GST-SH3A, under conditions of physiological ionic strength
forms a high number of rod-like structures, few characteristic rings (d1, arrow) or incomplete rings, while in the presence of the GST-SH3A, 1:2 molar ratio
d2), the number of dyn2 rings (d2, black arrows and boxed area) and spirals (white arrows) is significantly increased. Inset in d2 shows higher magnification of dyn2 spirals (d1, upper gallery) and rings (d1, lower gallery). Detailed examination of dyn2 structures assembled in the presence of the GST-SH3A shows high protein content and well-defined structures, most likely due to a better packed in configuration. Also, the diameter of rings with GST-SH3A (52.1 Ϯ 2.3 nm) was slightly smaller than that of the rings formed by dyn2 alone (58.8 Ϯ 3.4 nm). Additional highly magnified, negatively stained dyn2 oligomeric structures, assembled in the absence
(A) SH3 pull-down assays were performed with mouse lung lysates (250 g total protein) and GST-fusion proteins (~30 g) encoding the SH3A, E and D, the SH3A-E complement as well as full-length ITSN-1s, coupled to Glutathione Sepharose beads. The proteins bound to the beads were eluted with SDS-PAGE sample buffer, subjected to electrophoresis and electrotransfer to NC membranes. The membranes were probed with anti dyn pAb. (B) Coomassie staining of a 5-20% SDS-PAGE shows the purity of the GST-SH3 fusion proteins obtained by affinity chromatography on Glutathione Sepharose 4B columns from 1 mM IPTG-induced E. coli lysates. Mr: molecular weight markers. (C) GST-SH3A overlay using nitrocellulose membranes containing the ECs proteins (100 g), resolved by SDS-PAGE were incubated with the 5 g GST-SH3A
by 5 (Fig. 3F) , as previously reported for dyn1 [30] . When GST-SH3A was present, the amount of dyn2 in the soluble fraction diminishes, most of it being pelletable, consistent with a stimulatory effect of ITSN-SH3A on dyn2 oligomers formation. Densitometric analysis indicates that under these conditions the amount of dyn2 found in the P fraction is increased by more than 70%, compared to controls (Fig. 3F, histogram) . SH3E, another SH3 domain of ITSN-1 that binds dyn2, does not affect dyn2 oligomerization. However, when the whole GST-SH3A-E complement or full-length GST-ITSN-1s were used, dyn2 oligomerization pattern is similar to the one obtained when the GST-SH3A is present, with more than 60% increase in the total dyn2 found in pellet (P), by reference to control conditions (Fig. 3F, histogram) . Together these results suggest that the SH3A stimulates dyn2 assembly. It appears that SH3A may be the only SH3 domain of ITSN-1 able to modulate dyn2 oligomerization. When 2 M dyn2 was incubated with GST-SH3A, under physiological buffer conditions, at different molar ratios (Fig. 3G) and then dyn2 oligomerization was analysed as above, we noticed increased GST-dyn2 oligomerization with increasing dyn2:SH3A ratio. A maximum stimulation of dyn2 oligomerization was detected when a molar ratio 1:1 for dyn2:SH3A reaction mixture was used.
-20% SDS-PAGE, and Coomassie Blue staining. Under control conditions, GST-dyn2 is present in both P and S fractions
ITSN-SH3A stimulates the GTPase activity of dyn2
To better understand the mechanisms through which ITSN-1s stabilizes dyn2 collars around the caveolae necks, we next examined the effects of the SH3A on dyn2 enzymatic activity. Evidence indicates that the GTPase activity of dyn and the efficient GTP hydrolysis in concert with a dyn conformational change are essential for endocytic vesicle fission from the PM [43] . Thus, we first measured the basal GTPase activity of dyn2 in the presence or absence of GST-SH3A, using a continuous enzyme coupled method for monitoring phosphate release. As shown in Figure 4A , The GST-SH3A stimulated the GTPase activity of dyn2 by reference to controls. To address the specificity of SH3A effects on dyn2 catalytic activity, next we used two other SH3 domains of [44] and our observation regarding the stimulatory effects of the GST-SH3A-E on dyn2 assembly (Fig. 3F ). An inhibitory effect of the GST-SH3D on dyn2 GTPase activity (Fig. 4A) 
ITSN-1. Neither GST-SH3E that binds dyn2, nor GST-SH3D that does not bind dyn2 stimulated the GTPase activity of dyn2. Similar observation was made when the full GST-SH3A-E was evaluated. This is somehow intriguing based on previous studies showing that the GTPase activity of dyn2 can be stimulated by dyn2 assembly in oligomeric structures
or particular folding properties when GST-SH3A-E is not part of the full ITSN-1s molecule, may explain this result. When the effect of full-length ITSN-1s GST-tagged was evaluated, the GTPase activity of dyn2
showed close values to those observed with SH3A (Fig. 4A) , consistent with a stimulatory role of ITSN-1s, via the SH3A domain on dyn2 GTPase activity. However, the slightly lower efficiency in stimulation of dyn2 GTPase activity relative to SH3A alone, suggests a role for other elements of the ITSN-1s molecule in controlling the SH3A. The specificity of the stimulatory effects of the SH3A on dyn2 oligomerization and GTPase activity are also supported by several experiments in which the affinity purified GST-dyn2 preparations used contained a degradation product of about 85-90 kD, documented to be a truncated dyn lacking the PRD [42, 45] . Under these experimental conditions, the extent of increase in dyn2 oligomerization or GTPase activity in the presence of the SH3A were lower by comparison with the results obtained with non-proteolysed dyn2, indicating that in the absence of the PRD and thus, without SH3A binding, the extent of dyn2 oligomerization and GTPase activity are lower. To assay the effects of the SH3A on assembly-stimulated GTPase activity of dyn2, affinity purified dyn2 was diluted in a low-ionic strength buffer, conditions known to favour the formation of sedimentable dyn structures (Fig. 4B) [36, 37] . While most studies on this interaction [47, 51] , regulation of receptor function [42] , stimulation of GTPase activity of dyn [37, 44] , controlling dyn ring assembly or modulation of its disassembly [30, 52] [57, 58] which can interact with membranes to induce membrane curvature or deformation [59] . Therefore, it is tempting to speculate that the interactions of ITSN-1 with dyn2 and arfaptin2 may possibly regulate membrane bending and caveolae formation, and thus, it may add new dimensions to ITSN endocytic function.
Previous studies indicated that other endocytic proteins and dyn1 partners, amphiphysin [30, 40, 60] and sorting nexin 9 [61] 
